Abstract EgT2RIP is a type 2 ribosome-inactivating protein isolated from oil palm (Elaeis guineensis Jacq.). Its transcript abundance was reported to be up-regulated in oil palm roots upon inoculation of pathogenic fungus Ganoderma boninense in a recent study. This study aims to produce an active recombinant EgT2RIP protein for biological studies. The DNA fragments encoding Chain A (CA) and Chain B (CB) of EgT2RIP were cloned individually in an expression vector. Soluble CA and partially soluble CB were expressed in Escherichia coli Rosettagami 2 (DE3). Purified recombinant CA and CB were associated in a cysteine/cystine reduced/oxidized system, yielding a heterodimer protein (AB). The AB protein showed growth inhibitory activity against breast cancer cell lines (MCF-7) as well as non-tumorigenic breast epithelial cell line (MCF-10A) at IC 50 = 1.4 and 10.9 lg mL -1 , respectively. The active protein produced from this study may have the potential to be used for treatment in medical and agricultural fields.
Introduction
Ribosome-inactivating proteins (RIPs) are a group of ribotoxins which were classified based on their protein structures (Xu and Liu 2004) . Type 1 RIPs are singlechain, strongly basic 30 kDa proteins with polynucleotide: adenosine glycosidase activities; while type 2 RIPs consist of two chains: an approximately 30 kDa chain with the enzymatic activity in type I RIPs, and a 35 kDa chain with lectin activity; whereas type 3 RIPs comprise maize protein b-32 (Walsh et al. 1991 ) and barley JIP60 (Reinbothe et al. 1994) , which become active after removal of a short internal peptide segment (Stirpe and Battelli 2006) . Type 3 RIPs were considered as a peculiar type 1 RIPs (Stirpe 2005) . The number of type 2 RIPs discovered to date is much fewer than that of type 1 RIPs. Thus, isolation and characterization of type 2 RIPs from new sources would be of interest and value (Ng et al. 2010) .
Type 2 RIPs consist of an RNA N-glycosidase domain and a carboxyl-terminal sugar binding domain that are referred as Chains A (CA) and B (CB), respectively (Peumans et al. 2001) . Both domains are linked by a disulphide bridge. They are synthesized on a single precursor that is post-translationally processed by the excision of a linker sequence. Generally, the CB of type 2 RIPs bind to galactosyl residues on the surface of target cells, facilitating the CA to enter the cytoplasm, where they damage ribosomes and cause cell death of the targets (Stirpe 2013) . The CB of type 2 RIPs contains two or possibly three galactose binding sites that affect carbohydrate binding activity (Frankel et al. 1996; Steeves et al. 1999) . Although the CB of different type-2 RIPs share some sequence similarity and three dimensional structures, pronounced differences were found in the sugar binding specificity. Thus the toxicity and cytotoxicity of type 2 RIPs are partly determined by the binding of the CB to the sugar-containing receptor on the cell surface (Peumans et al. 2001) .
Oil palm type 2 RIP has not been characterized until recently. Its transcript abundance was shown to be upregulated more than ninefolds in the roots of oil palm seedlings after treated with pathogenic Ganoderma boninense PER71, compared to that in control (Tan et al. 2013) . Further characterization of type 2 RIP is important because basal stem rot, a disease caused by Ganoderma spp. causes significant loss to the oil palm industry by reducing the oil yield and loss of stands (Flood et al. 2002) . Characterization of type 2 RIP from oil palm is not only useful in agriculture, but also in medical field as RIPs have many potential applications as anti-tumour, anti-proliferative, anti-fungal, anti-viral agents (Ng et al. 2010 ).
Materials and Methods

Sequence Analysis
The cDNA sequences encoding putative type 2 RIP (Accession Numbers: EL690296, EL691180, EL691464) were retrieved from an oil palm expressed sequence tag (EST) database (Ho et al. 2007 ). The cDNA sequence was analysed using BioEdit Sequence Alignment Editor version 7.0 (Hall 1999) . Potential signal peptide of this protein was predicted using SignalP 3.0 (http://www.cbs.dtu.dk/ser vices/SignalP-3.0/) with hidden Markov Models (Petersen et al. 2011) . Protein localization was predicted using WoLF PSORT (http://wolfpsort.org/) (Horton et al. 2007 ). Multiple sequence alignment of amino acid sequences encoding RIPs was carried out using ClustalW algorithm (Thompson et al. 2002) .
Cloning of EgT2RIP
The CA and CB of EgT2RIP without the putative signal and linker peptide sequences were cloned into vector pET32a (Novagen, USA). Briefly, sequences of CA (EgT2RIPm-CA or CA) and B (EgT2RIPm-CB or CB) were amplified from the plasmid DNA harbouring the EST, with forward and reverse primers (Table 1) , and KOD HotStart DNA polymerase (Novagen, Japan) following the manufacturer's instructions. The PCR condition was 95°C for 2 min followed by 40 cycles of 95°C for 20 s, 55°C for 10 s, and 72°C for 20 s. The amplified fragments were digested with restriction enzymes BamHI and EcoRI and ligated to pET32a vector (Novagen, USA) in frame with the N-terminally located His-Tag and S-Tag. The resulting pET32a/EgT2RIPm-CA and pET32a/EgT2RIPm-CB plasmids were used to transform Escherichia coli DH5a and selected using ampicillin. Positive clones were confirmed by colony PCR, restriction of plasmids using endonucleases mentioned above, and DNA sequencing. Both plasmids pET32a/EgT2RIPm-CA and pET32a/EgT2RIPm-CB were used to transform expression host E. coli Rosettagami 2 (DE3) separately.
Overexpression and Purification of EgT2RIPm-CA and -CB
The expression hosts were seeded in Luria-Bertani broth and grown overnight at 37°C. The overnight culture was inoculated in an auto-induction terrific broth (1.2 % w/v tryptone, 2.4 % yeast extract, 0.4 % glycerol, 0.05 % glucose, 0.2 % a-lactose, 25 mM (NH 4 ) 2 SO 4 , 50 mM KH 2 PO 4 , 50 mM Na 2 HPO 4 , 1.25 mM MgSO 4 ) at a ratio of 1:10 (v/v), then cultured at 28°C and 220 rpm for 20 h. Crude proteins were extracted from cell pellet by BugBuster protein extraction reagent (Novagen, USA). Protease inhibitors were not added into the extraction reagent to avoid interference on enterokinase cleavage reactions in downstream process. Benzonase nuclease (Novagen, Denmark) was added to remove contaminating RNA and DNA. Insoluble proteins were removed by centrifugation. Crude extract obtained was purified using His spin trap (GE Healthcare, UK) following instruction of manufacturer. Protein samples obtained were quantified using Bradford reagent (BioRad, US) and resolved on 12 % (w/v) denaturing SDS-PAGE.
To remove fusion tags from the N-termini of the recombinant proteins, a recombinant enterokinase cleavage/capture kit (Novagen, USA) was used by following the instructions of manufacturer with some modifications. Briefly, the fusion proteins retained in the column of His Spin Trap mentioned above, was treated with 2 U of enterokinase in 1 9 rEK cleavage/capture buffer (20 mM Tris-HCl pH 7.4, 50 mM NaCl, 2 mM CaCl 2 ). The mixture was incubated at 28°C for 16 h, before elution by centrifugation. The eluted recombinant proteins were purified from the enterokinase by adding 100 lL of Ekapture agarose (50 % slurry in phosphate buffer, pH 7.3, 0.5 M NaCl, 0.02 % Thimerosal) in 1 9 rEK cleavage/capture buffer. The mixture was incubated at room temperature for 5 min, followed by centrifugation in columns provided in the enterokinase cleavage/capture kit.
In Vitro Association of EgT2RIPm-CA and -CB
For the formation of interchain disulphide bridges, CA and CB were associated in a reduced/oxidized system of cysteine/cystine (Cys/CysS) (Silva et al. 2005 ) with some modifications. Approximately 80 lg of each CA and CB was added into a 1.6-mL reaction mixture containing 50 mM Tris-Cl (pH8.0), 100 mM NaCl, 10 mM Cys, and 1 mM CysS. The reaction mixture was incubated at 4°C for 48 h. Heterodimer (AB) from the association of CA and CB was confirmed by SDS/PAGE in non-reducing condition [the samples were not boiled nor treated with dithiothreitol (DTT)].
Cell Lines and Culture
The cell lines used in this study were human breast adenocarcinoma (MCF-7) and non-tumorigenic breast epithelial cell (MCF-10A) (American Type Culture Collection, USA). The MCF-7 cells were maintained in Roswell Park Memorial Institute medium (RPMI; Sigma, USA) supplemented with 10 % (v/v) heat-inactivated foetal bovine serum (PAA, Austria); whereas the MCF-10A cells were cultured in Dulbecco's modified eagle medium (DMEM; Sigma, USA)/F12 nutrient mixture supplemented with 10 % (v/v) of heat-inactivated foetal bovine serum (PAA, Austria), 20 ng mL -1 human epidermal growth factor (hEGF; Sigma, USA), 10 lg mL -1 insulin (Sigma, USA), and 0.5 lg mL -1 hydrocortisone (Sigma, USA). Both cell lines were cultured in Costar T-75 flasks at 37°C in a humidified incubator with 5 % CO 2 .
MTT Cell Proliferation Assay
The cell proliferation test was carried out on MCF-7 and MCF-10A using an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann 1983) . Cells were seeded into 96-well plates (Techno Plastic Products, TPP) at 1.5 9 10 4 and 0.8 9 10 4 cells per well for MCF-7 and MCF-10A, respectively for overnight. After 70 % confluence was reached, the associated EgT2RIP-AB was added to the cells at different concentrations ranging from 0 to 15 lg mL -1 . The morphological appearances of the cultures were observed using Nikon Diaphot-TMD (Nikon, Japan) inverted light microscope. After 72 h of treatments, the images were captured using Digital sight DS-L2 camera (Nikon, Japan). Then, 20 lL of MTT (Calbiochem, Germany) solution was added to each well. After incubating the plate for 3 h at 37°C, humidified by 5 % CO 2 , 170 lL of media was aspirated from each well. Approximately 100 lL of DMSO was added into each well and the mixture was incubated at room temperature for 15 min. The absorbance of each well was measured at 570 nm using the lQuant enzyme-linked immunosorbent assay (ELISA) reader (Bio-tek Instruments, USA). The concentrations of recombinant proteins resulted in 50 % of cell death (IC 50 ) in the cultures were determined from a dose-response curve. The assay was carried out in three replicates for each culture.
Results and Discussion
Sequence Analysis
The ORF of EgT2RIP consists of 570 amino acids. The amino acid sequence of EgT2RIP is identical to the oil palm ricin-like protein (XP_010922360) predicted by NCBI automated annotation analysis on Chromosome 5 (NW_011550724) of the oil palm genome (Singh et al. 2013) . Besides, the amino acid sequence of EgT2RIP also shares some similarity to that of RIP2 from tea (D5LNF6: 77 %), ricin and agglutinin from castor bean (P02879: 
EgT2RIP-CB-R CCGAATTCTCAAAGCATTGGAAGC EcoRI
The underlined sequences are the restriction enzyme recognition sites genetic engineered at the 5 0 end of the primers Int J Pept Res Ther (2016) 22:37-44 39 59 % and P06750: 56 %, respectively), and abrin-a from Indian licorice (P11140: 55 %) (Fig. 1) . The amino acid sequence of EgT2RIP has low similarity with the signal peptide and linker peptide regions of ricin (P02879) and agglutinin (P06750) from castor bean (Fig. 1) . Both SignalP 3.0 and WoLF PSORT predicted a potential signal cleavage site between T28 and S29. The beginning of linker peptide sequence was determined by comparing the amino acid sequences to those of P02879 and P06750; whereas the end of the linker was predicted by SignalP 3.0. The full ORF of EgT2RIP was predicted to have a signal peptide (M1-T28), an N-glycosidase CA (S29-F296), a linker peptide (S297-E306), and two domains of lectin in CB (D307-L570) (Fig. 1) . The disulphide bond between CA and CB is predicted between C288 and C312 (Fig. 1) .
Protein localization analysis of EgT2RIP by WoLFP-SORT showed that it can be targeted to a number of subcellular locations (Table 2) including endoplasmic reticulum, vacuole, Golgi apparatus, as well as the extracellular region based on the query's weighted k-nearest neighbours (proteins in the WoLF PSORT training data that have the most similar localization features) (Horton et al. 2007 ). The result is consistent with the molecular processing of RIPs, where the RIP is synthesized as a single prepropeptide, then translocated into endoplasmic reticulum where the propeptide is glycosylated and disulphide bond is formed between the CA and CB. They are transported from Golgi complex to vesicles and eventually to vacuoles where the N-terminus and linker propeptide are proteolytically cleaved, releasing mature, disulphide-linked heterodimeric toxin (Frigerio et al. 2001) .
cDNA Cloning and Protein Expression
CA has 268 amino acids (*30 kDa) whereas CB has 264 amino acids (*29 kDa). They were overexpressed in an auto-induction medium with the fusion His-Tag and S-Tag (*17 kDa) at their N-termini. Soluble CA and partially soluble CB were produced in E. coli Rosetta-gami 2 (DE3) cells (Fig. 2a, b, respectively) . Figure 2 shows that the purity of the recombinant protein CA was high (Fig. 2a,  lanes 5, 6) while CB could be partially purified as some minor and smaller bands are visible in the purified fractions (Fig. 2b, lanes 5, 6) .
Large scale protein expression with 1 L culture was carried out for both CA and CB. The yields of CA and CB with the N-terminal fusion tags were approximately 12 and 5 lg mL -1 culture, respectively. The fusion tags at the N-terminus were removed from CA and CB using enterokinase. The yields of the purified CA and partially purified CB were approximately 4.8 and 0.2 lg mL -1 culture, respectively. The CA and CB were associated (AB) in a reduced/oxidized system of Cys/CysS and analyzed in SDS-PAGE under non-reducing condition (Fig. 3) . Figure 3 shows the size of the same purified samples in Fig. 2 after removal of fusion tags followed by purification. Multiple bands were observed in Fig. 3 which could due to migration of non-denatured proteins at different rates. However, the purity of CB could have improved after the removal of fusion tags followed by purification as those minor and smaller bands that are visible in the partially purified fractions of CB (Fig. 2b , lanes 5, 6) are no longer visible (Fig. 3, lane 3) .
Cell Proliferation Assay
The mode of action of RIPs has been postulated in the 1980s, whereby the N-glycosylase activity of its A-chain can depurinate adenine in the 28S rRNA of eukaryotes (Endo and Tsurugi 1988) . However, CA does not show N-glycosylase activity on the RNA of G. boninense in this study (data not shown). To examine the functionality of the recombinant proteins produced, a cell proliferation assay was carried out using human cell lines. Non-associated CA and CB and associated AB were tested on breast cancer cell line (MCF-7) as well as non-tumorigenic breast epithelial cell line (MCF-10A). After 72 h of treatments, MCF-7 and MCF-10A cells treated with AB showed obvious deterioration and deformation with severe shrinkage and condensation of their cellular contents compared to the untreated cells which were homogeneously distributed in the culture field showing a polygonal shape with distinct boundaries (Fig. 4a) . Besides, AB showed a higher activity towards MCF-10A (IC 50 = 1.4 ± 0.1 lg mL -1 ) than MCF-7 (IC 50 = 10.9 ± 0.5 lg mL -1 ) (Fig. 4b, c) in MTT assay, possibly due to a higher affinity of CB to the sugar residues on the cell membrane of MCF-10A compared to that of MCF-7. In contrast to the MTT result, the morphology of MCF-7 changed a lot such as cell blebbing, shrinking, detachment of cells from cell culture plate, compared to that of MCF-10A. It seems like the treatments not only inhibit the proliferation of MCF-7, but also toxic to the cells. Nevertheless, the cell proliferation inhibitory activity of heat-denatured (100°C, 15 min) AB, CA, and CB was very low and did not kill 50 % of the MCF-7 cells c Fig. 1 Multiple sequence alignment of EgT2RIP and the amino acid sequences from other plant type 2 ribosome inactivating proteins (T2RIPs). Protein sequences were aligned with ClustalW algorithm using amino acid sequences of T2RIPs from Camellia sinensis (Tea; D5LNF6), Ricinus communis (Castor bean; P02879 and P06750), and Abrus precatorius (Indian licorice; P11140). The ORF of EgT2RIP consists of a signal peptide, N-glycosidase as Chain A, linker peptide, and lectin as Chain B. The disulphide bond between Chain A and B is denoted by an up-pointing triangle up to 15 lg mL -1 . The activities of CA or CB alone were lower compared to that of the associated AB. This is expected as CB is required to facilitate the insertion of CA into the cells (Sandvig and Van Deurs 2002) .
In this study, CA did not depurinate RNA of G. boninense but the associated AB was able to cause cell death or inhibit cell growth of both MCF-7 and MCF-10A cell lines. This is consistent with a previous study that showed that depurination of ribosomes and translational inhibition do not always correlate with ricin-mediated cell death (Li et al. 2007 ). The recombinant AB could have other activities such as DNaselike and phosphatase activities (Peumans et al. 2001) .
Associated AB was also used to treat the Ganoderma in broth culture. However, no significant fungal growth inhibitory activity was observed (data not shown). Activity The sizes of the proteins CA and CB (without fusion tags) are *30 and *29 kDa. Multiple bands observed could be due to non-reduced proteins migrate at different rates of EgT2RIP might require synergy activity of cell wall degrading enzymes from the plant, to degrade the fungal cell wall, and exposed fungal cell membranes for the action of EgT2RIP. Fig. 4 EgT2RIP-AB inhibition of MCF-7 and MCF-10A cell proliferation. Cell morphology of MCF-7 and MCF-10A (a) in the absence (i) or presence of 15 lg mL -1 EgT2RIPm-AB (ii), boiled EgT2RIPm-AB (iii), EgT2RIPm-CA (iv) and EgT2RIPm-CB (v) for 72 h (a). Cells treated with EgT2RIPm-AB showed distinct cell growth inhibitory effect with rounding and detached cells (ii) compared to untreated MCF-7 and MCF-10A cells (i). Scale bars represent 100 lm. MTT assay of EgT2RIPm-AB against MCF-7 (b) and MCF-10A (c) in the presence of EgT2RIPm-AB (round), boiled EgT2RIPm-AB (diamond), EgT2RIPm-CA (square) and EgT2RIPm-CB (triangle) with different concentrations. Three technical replicates were conducted to find the IC 50 values for AB and boiled AB treatments while one replicate for CA and CB treatments. Standard deviations were calculated from the results of three technical replicates
